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METHOD OF TISSUE REPAIR II 



Technical Field 

The present invention relates to methods for joining: 
living tubular tissues; organs and their coverings; skin 
and appendages; as well as the various internal and 
peripheral nerves of the body, the spinal cord and its 
ramifications. The invention also relates to a solder for 
use in those methods and methods for preparing the solder. 
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Background Art 

In repairing living tissues, sutures or clips are 
routinely used to close defects, join planes of tissues or 
to join bodily tubes together (anastomoses} . 
15 This involves the placing of materials in the body 

which cause some damage to the tissues involved, but hold 
* those tissues in apposition while the body's own healing 
processes effect a more permanent join. The damage that 
various joining - materials cause varies but even careful 
2 0 placement of microsutures in the smallest of bodily tubes 
during an anastomosis produces a fibrous tissue reaction 
around each of the suture materials left in situ. 

Joins, however made, take time, and those joins ma.de 
by placing individual sutures in tubular joins are the most 
25 - time consuming. Sewing in a ring of sutures to effect such 
a join inside the body may demand a large incision to 
obtain the access required to effect enough surgical 
freedom to manipulate the equipment and instruments 
required. Microsuturing requires considerable skill, 

30 

Arteries and Other Tubes 

Fluids, and materials suspended within them, can 
travel along the body's patent tubes. Arteries carry blood 
from the heart to other organs and tissues in the body. 
35 They have 3 layers, an inner specialised mucosa (termed the 
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which does not lead to so much scarring. These almost 
always need stay sutures (sutures used to join the vessels 
before laser treatment, which may or may not be removed 
subsequently) for a successful outcome. In this case the 
5 two vessel ends are held together to allow stay sutures to 
be inserted and then a laser is used to heat the tissue at 
the join so that proteins at the site are coagulated and 
bond together. Lasers such as the infra-red ho lmium- doped 
YAG and carbon dioxide lasers have been used because these 

10 produce wavelengths which are strongly absorbed by water in 
the tissue. Alternatively a dye solution may be applied to 
the tissue to enhance light absorption at a suitable laser 
wavelength. In any case, it is crucial that the intima 
layers of the 2 ends are in continuity, to avoid a blockage 

15 or a clot and to proinote smooth laminar flow in the 

repaired vessel. This is difficult to achieve in nhick- 
walled vessels where the laser energy may not be absorbed 
through all three layers of the vessel to form a strong 
weld with a smooch intima layer. 

2 0 Some protein glues have been used to repair blood 

vessels, such as fibrin (which triggers a blood clotting 
reaction to effect a tissue join). A possible disadvantage 
of such a glue is the potential to be associated with blood 
clotting within the vessel, partially or wholly obstructing 
25 in. 

Laser-activated fluid albuiuin solder has also been 
used, but the solder has required stay sutures to achieve 
sufficient repair strength for arteries which carry blood 
at high pressure. Fluid glues and solders tend to run 
30 between the tissue ends, risking blockage of the inner 

lumen, and are difficult to control and position accurately 
on the tissue repair. To attain a seal, they have been 
applied circumf eren tially around the join, which is then 
circumferential ly welded. These joins later show thick 

3 5 scarring which can cause stricture or blockage of the 

vessel or tube. 
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There is also a lack of precision in such techniques, 
because of differences in tne glue or fluid solder 
consistency, variations in the type of applicator device 
used to apply the glue or fluid solder, and the pressure 
needed to form a join, 

A major drawback with current fluid solders is that 
they rapidly deteriorate and change composition when 
introduced into moist environments . 7 

Similarly, existing solid solders must be kept dry 
when introduced to moist arteries, to prevent them from 
absorbing moisture, weakening their internal bonding and 
losing strength, even though this occurs more slowly than 
for fluid solders. 

The repair of other bodily tubes is similar in 
concept. Since the structure of each tube is specialised 
to its function and the nature of its contents, there must 
be careful choice of the method of tube repair so than it 
will not interfere with the tube function, and in 
particular with maintaining the inner lumen of the tube. 

Peripheral Nerves 

The electrical signals that control the body's organs 
and transmit information back and forth to the central 
nervous system (CNS) travel along peripheral nerves. 

A peripheral nerve has an outer membrane consisting of 
connective tissue such as collagen. This membrane 
(epineurium) protects and holds separate bundles of nerves 
or fascicles together. The fascicles group together nerve 
axons supplying a specific region of the body and are 
bounded by perineurium membranes . Each axon is supported by 
a Schwann cell within the fascicle. Nerve metabolism is 
sustained by the vascular system from both outside and 
within the nerve.. 

When a peripheral nerve is cut all axons distal 
(further from the spine) to the wound change their 
properties . Even when the nerve is reconnected, these axons 
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continue to degenerate distally. The Schwann cells which 
normally wrap themselves around the axons a, insulation, 
guide regenerating axon- Joining nerves as accurately as 
• possible by lining up corresponding fascicles enables .the 
5 enclosed axons to more efficiently regenerate. 

Peripheral nerves can nave diameters ranging from 
approximately 1cm to approximately SO micrometres. 

Operating on nerves and other tissues of small 
dimensions has been facilitated by using magnification and 
10 special microsurgical equipment. Accurate nerve repairs 

need to be effected at the fascicular level ensuring that 
regeneration is along the correct bundle leading to the 
original area those axons supplied. 

The current technique of peripheral nerve repair uses 
15 microsuturing. This technique requires a dedicated. 

trained surgeon as microsuturing of just one of the many 
. fascicles with three or more microsutures (using say a 70 
x^Lcron diameter needle and 30 micron thread) can take very 
long operating times. There is the prospect of added 
20 damage to the inner axons due to sutures penetrating the 

thin perineurial sheath. The use of sutures results in some 
scarring of the repair due to foreign body reaction. 
Excessive scarring impairs nerve function and m a y be 
associated with painful neuromas. There is also evidence. 
25 that in the long term, scar tissue formation and scar 
maturation can impair the joined nerve. 

• Work has been performed on the use of lasers alone in 
effecting nerve joins. To date the welds have typically 
been made using infrared lasers such as carbon dioxide 
30 lasers which rely on water absorption for energy ■ transfer . 

Tissue preparation before welding relies on overlapping the 
nerve membranes. One of the problems of laser welding has 
been the fact that the intact axonal tissue is under 
pressure within the fascicle, so that when it is cut the 
' 35 axons extrude. Laser treatment can thus lead to 
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denaturation of the axon material leading to scarring and 
proliferation of fibrous tissue. 

Laser-activated protein solders have also been tried, 
as described for the artery and blood vessel case above^ 
5 A gain because of difficult in controlling fluid solders, 
W the weakness of the resulting bonds in a moxst 
environment, these repairs are usually too wea* 
addition of stay sutures. This complicates the surgxeal . 
technique and leads to additional scarring and foreign body 

10 reaction. 

The bonds formed to date as described in the prxor 
using laser welding have typically lacXed strength «d 
tft u S .icro.utu.ing has bee, used in addition to welding to 
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strengthen these joins - 

Solutions to at lease see of these problems are 
taugnt in WO96/220S4. The present invention relates to 
alternative solutions. 

DESCRIPTION OF THE INVENTION 

in a first aspect the present invention provides a 
biomolecular solder comprising an at least substantially 
S olid composition of at least one biomolecule which has 
been mixed at high concentration with an aqueous solvent, 
which composition is treated to at least partially denature 

~t~\ r,f rVie solder and to at least 
the biomolecular component (s) of tne soinet "* 

partly dry the solder. 

The biomoleculeCs) is typically proteinaceaus but xt 
is envisaged that other naturally occurring biomolecules 
could be used as alternatives. Further, analogues of 
biological, biodegradable polypeptides could be used. 
Analogues of biological, biodegradable polypeptides useful 
in the solders of the invention include synthetxc 
polypeptides and other molecules capable of forming the 
solder of the invention but which do not cause adverse 
35 reaction in the tissue undergoing repair. 



25 



30 



14/12 "GO 14:38 FAJt +61 2 ^^634 IP AUSTRAL I A SALES ^BALDWIN SHELSTON ©Oil 

™ + 61 2 62832634 




FCT/AU99/00495 

VVO 99/65536 - 7 - 

' Where the biomolecule is a protein, the protexn can be 
any protein or mixture of proteins but is preferably bio- 
degradable in the relevant host. Espies of suitable 
proteins include albumins, collagen, fibrinogen and 
S elastin. Suitable proteins are typically those which can 
be cross-linked to form a matrix and which can be resorted 
by the body. Where combinations of proteins are used it is 
envisaged that those combinations will be of proteins 
having similar denaturation temperatures. An example is the 
10 combination of albumin and collagen. Use of different 

albumins is contemplated including bovine, horse, human, 
rat. ovine and rabbit albumin. The choice of a particular 
albumin may be made to reduce immunological reaction in the 
patient to the solder. It is envisaged that there will be 
15 circumstances where the albumin used may be chosen to match 
the patient's blood type and possibly even more 
specifically with regard to histocompatibility markers of 
the patient in question. 

The solvent is typically water but other aqueous 
20 solvents including saline may be used provided that any 

salt etc present does not adversely affect the solder upon 
denaturation. 

The solder can be formed from a protein paste made up 
of highly concentrated protein in an aqueous solvent which 
25 is typically water. Highly concentrated protein 

encompasses protein concentrations in the range of 40 to 
80% w/w. Preferably the protein concentration is in the 
range of 45 to 75% w/w. More preferably, the protein 
concentration is in the range of 50 to 60% w/w. The range 
3 0 of 50 to S0% is especially preferred for bovine serum 

albumin, or rat or rabbit or ovine or human albumin. The 
starting concentration of protein loses water (or aqueous 
solvent) as it dries or is dried during processing. The 
prepared solder may contain little or no solvent. 
35 i t is preferred to incorporate light-absorbing 

material, such as a dye. into the solder, to improve 
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energy deposition in the 5 older. An example of a suitable 
dye is indocyanina green which is preferably incorporated 
at a concentration within the range 0 . 1 to 2 . 5% w/w. 
Other suitable dyes include methylene blue and fluorescein 
5 isothiocyanate. It will be understood that the light - 
absorbing material is chosen to be appropriate to the 
energy source that is used in forcing tissue repairs 
involving the use of the solder. The light absorbing , 
substance may be incorporated by being added to the . 
10 solvnt and dissolved in it prior to addition of the 
biomolecule(s) to the solvent. 

in one embodiment the solder is prepared from a 

composition of : 

55-75% w/w albumin 
IS 45-25% w/w water 

0,25% w/w indocyanine green 

The albumin may be bovine, rabbit, human, ovine or 

rat albumin - 

The at least partial denaturation of the 
biomolecule(s) substantially reduces the solubility of the 
solder. Typically the biomolecule Cs ) of the solder is 
denatured to a sufficient extent to ensure that the solder 
will, have sufficient longevity in vivo for the repair, for 
which the solder is being used, to be formed. Denaturation 
favourably alters the mechanical properties of the solder 
so that on moistening it exhibits similar mechanical 
properties to the tissue under repair. The denaturation 
can be- effected by heat, light, radiation, ultrasound or 
chemical means. Typically the heat denaturation is 
carried out in an aqueous environment such as in a water 
bath in steam or in pressurised steam. without wishing to 
be bound by theory, the present inventors believe that the 
aqueous environment permits at least partial denaturation 
without dissolution and with the maintenance of 
35 -structural" water involved in the integrity of the 
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biomolecule<s) • Saturation tn a y be effected before, 
during or after shaping of the solder. 

The solder can be provided in a variety of shapes, 
in particular, the solder of the invention is suitable for 
5 extruding into tubular forms, a form that cannot readily 
be achieved with prior art solders. It can also be 
extruded into a partial tube which has a curved cross 
section with an elongate open channel which can be wide or 
narrow. The solder can be prepared with a smooth surface 
10 or with a surface that is at least slightly roughened. 
Roughening may be of assistance in enhancing contact 
between tissue and solder. The roughening may provide a 
profile which appears smooth at macroscopic level but 
rough at microscopic level. The tubular and partially 
15 tubular forms typically have a round or ovoid profile but 
other profiles are also contemplated including square. 
. crenulated and other geometric forms. The tubular solder 
of the invention can be tapered or of uniform cross 
section. ' The tubular solder of the invention is well 
20 suited to nerve repair applications and is particularly. 

well suited to vascular applications in which the moisture 
content makes prior art solders unsuitable. The solder 
can be prepared in other shapes as required for particular 
applications including strips, patches, solid rods and 
25 hollow tubes with at least one flanged end. 

Various adjuvants can be added to the solder to 
promote rapid or more complete tissue healing, eg 
fibrinogen (for blood vessels} , growth factors, sodium 
hyaluronate (for improved viscous handling and possibly 
30 better healing 5 . hormones, and/or anticoagulants, such as 
heparin . 

Various fibrous materials can be added to the solder 
to improve the strength of the solder [eg collagen or 
poly tetrafluoroe thy lene fibre (which is sold under the 
- 35 brand names goretex and teflon) or ceramic fibres]. The 
fibres are typically biocompatible polymers . The 
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denaturation of the solder with fibrous materials within 
it may Joe by chemical means (such as with acid or 
hydroxide) or by heat and could include bonding of the 
protein to the fibres . 
5 The solder need not be of uniform composition 

throughout. In some applications it will be desirable to 
include one or more adjuvants in one or more parts of the 
solder and not in others. Similarly, it may be desirable 
to incorporate fibres in some parts and not others or else 
10 different fibres in different parts. Further, one or more 
light-absorbing substances may be incorporated in some 
parts of the solder and not others or the light-absorbing 
substance may be incorporated at different concentrations 
throughout one or more parts of the solder. Xt will be 
15 recognised that such variations may be particularly useful 
with various shaped forms of the solder such as tubes. 
Still further, different parts of the solder may be 
denatured to different extents and different parts of the 
solder may be provided with different surface textures, 
20 such as being smooth in some parts and at least slightly 
roughened in other parts. 

The solder can be applied to a mesh, stiffener or 
graft material made from, for instance, a metal, synthetic 
fibre or plastic. Because of its pliability, the solder 
25 may be embedded into spaces in the mesh or it may be 
applied as a covering to all or part of the mesh, 
stiffener or graft material. In one embodiment, it may be 
applied only to the ends of a graft material, mesh or 
stiffener to effect welding of the graft material, mesh or 
30 stiffener to the appropriate tissue. 

The formation of such materials may involve 
coexcrusion or coating of a biologically inert porous 
structure (such as a goretex tube or shape) with solder. 
Where a coating is utilised in this embodiment, the solder 
35 may be initially formulated in a fluid form, that is, with 
a substantially lower concentration of the biomolecule(s) . 
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The fluid solution is applied, allowed to dry and may be 
reapplied and allowed to dry before being at least 
partially denatured. The drying process reduces the 
• solvent content so that the final consistency of the 
5 solder is the same as that achieved by forming the solder 
to the high concentration solution as descried above. 

The solder of the invention can be introduced to the 
relevant tissue by the surgeon, and placed in the correct 
position, using forceps. If necessary, the solder can be 
10 cut to a required size or snap* during surgery. 

The at least partially denatured biomolecule (s ) of 
the solder has strong internal bonding and is 
substantially unaffected by water absorption. Any water 
absorption that occurs acts to enhance the flexibility of 
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the solder rather than causing its dissolution or 
disruption . 

The solder can be introduced into the relevant tissue 
in an appropriately moistened form. In this form the 
solder is flexible and will not fracture when cut. 
sneezed or manipulated with surgical instruments. 

The solder can be sterilised after denaturing and 
before use. by for instance gamma ray irradiation, for 
instance at 2000 rad/min for 50 minutes. Other suitable 
forms of sterilisation include autoclaving. steam 
25 treatment and heat treatment. 

Activation of tissue bonding by the solder is induced 
by heat. This can be achieved in a variety of ways but 
laser activation is the most common. Because the 
biomoleculefs) is already at least partially denatured. 
30 dissolution is at least substantially prevented, allowing 
time for more complex manipulations to be completed. 
Laser activation of bonding through overlying tissue is 
possible with this solder, Chat is. the solder can be 
applied under, over, or under and over the tissue to be 
35 joined. 
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^position -itbin tb. solder ^ ^.^ ^ 

tis sue damage. The ^ ^^ing on a dy. solution 
preparation ox tbe solder or r ^ Cerent parts 

a4 „ r solder tube formation. St, nC excenCs . 

l0 of tbe solder -y be ^^^.red with part of cbe 

— -"Teasrprr :::- - - - - 

surface ac lease p 

» v include scerilising th. solder after 
The method may «clu* of 
35 curing and before use^ S , for instance 
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ac 2 ooo rad,„in «« " 

„ esc „ t . hesc creatine and steriHs.tron . 

tissue, by application .« 1— « "tar .neroy source, 
s „here the —w is absorbed by Che solder a„a,or the 



tissue - 



In a fourth aspecC ^ present rnvencion prides a 
„. cb =d o£ r.pairins a biol«l=.l tissue «» 
" a .Older o £ Che first aspect in effectin, Che reparr. 

The -ethcd can be used for effecting repairs » an im al 

as well as human patients. 

. , the use of an energy 

Typically, the method involves tne us 

so uTce such as a laser for effecting tissue 3 oins using the 

solde r. Where the energy source is a laser, the selected 

5 laser has a wavelength appropriate to any light-absorbing 

a r« concentrate the energy at the repair 
substance used to concentrate 

, it e The laser chosen should also be appropriate to the 
■ Slte - j • that che tissue absorbs the energy 

tissue being repaired » that tne 

- „_i For blood vessels, tne 

produced by the laser poorly- tor 
20 lunation of diode lasers with indocyanine green dye s 
appropriate. The energy provided should be suf icient to 

the solder to the underlying or 
.ini.is.ng damage to the underlying tissue. The power used 
will vary for different tissues and can be matched to the 
25 amount or energy output required to effect 

Th e ti^e of treatment for each bond to be effected can 
vary depending on such factors as anient conditions, 
altitude, humidity and the nature of the tissue being 
joined as well as the moisture level of th. tissue being 

30 3 omed^ ^ erabodiment inventian pro vides a method for 

joining body tubes combining the use of a tubular solder of 
the first aspect .and a laser fusion device. The tubular 
solder can be applied (depending on the physiological tube 
35 to be repaired) to either fit inside or outside or inside 
and outside both the cut ends of the tube. The lasexiag 
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■VW T* directly or through Che living tube to 
may be done either directly 

. ~ ,v, a r»cteristics to maJce it 
the solder to change its characteri 



The 



material to 



*"' SiVe ' S cld.r tube incorporate a li g hc-.bsorbin 9 

"ebsorb the wavelength of the laser »— wh,ch 

f rhp so ider tube to Che inside or 
underlying tissue or by placing 

over the soldeE tube (Figure 10) and applying energy 
over the soxae sold er or by placing 

^ough Che overlying » the 

one end o£ Che body tub. wxttan the solder cu 

rhe solder tub. and applyins energy to effect 
r 2~e Z tub. to „ repaired includes a da»a,ed 

bonding. wnere un« ma _ - a i with 

action which retires a graft -» » » 

solder applied a, l-« ac ch. e"ds can b. ,o,ned a, 
•Icher end to a free end of the severed tube ^ »■ • 
Where Che cissu. repair is wich respect Co nerve 

Cissue or ccher tissue cubes where the cube contents need 

cc be protected fro. da^ge. it is especially x*P-tant 

Lc L -eld should not be concentrated on the edges b.« 

oLd as this can d»age extruded tissue Kacher. ch. weld 

^« t-o the edge of the discontinuity, 
should be transverse to che eage 

The solders of the invention can be used, in 
conjunction with suitable promoters of neuron growth. - 
30 tubular for,, to provide guides for nerve regeneration. Xn 
t his use the severed nerve ends are inserted into tbe ends 
of the tube and welded in place. 

The solders .of the invention can also be used in 
cub ular for. with a sealed end as a cap for the ends of 
35 severed nerves to assist patients who experience 



25 



10 



• AUJW1N SUELSTON — 

' 18 " . severed »-^« 

5 ,nser.ion of a tte e£ ^ tu3o e 

A of fhe repair and tn 

one end o£ ue over ttie ds to bold 

otbeI end over the ^ ^ * e u.d 

p « t icul.« - cfe ° d 1 wel a to prop-*-" 

ntixs pax 1 - effect ^ e 

„ lB> «*. i— ^- co,, 
0 ^iy- ti5 t^ « ^ "T*" 

nee"** o£ " „ » =» d ' , w ptovidi.no « 

u . " ~ Tn e »' '"1 sol d« « 

j « invention . lu din9 

a . „ veins, 1 ^ riuv pancreas S( 

Pro="— ^, b«bcbi and ^ ^ 

WXl-pi*' " MS . C ^ and " d 
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~ 19 " an also be appl^o 

V^O 99/65536 in venti°« can liv er, 

nerves =1 c one «P P r«.r»..«W 

invention 
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s oWer-t""° n - ^ a «„o«ls<:racea . lo . severed 

o P er— ^;; M ; rfoc! usual «~<^ ^ nerves 

ae»s, eventuaily . ^ ire ■ u d one 

r^;:re^--^ iOT 

therapies . 

« THE DW»* lHGS - invention 

„,easuxin 9 2- » o£ th. 

- ~«* *-« e ; scbCTa o£ an opexecxv. « ^ ^ 

tour* . ve s.el •»* «"\ tn . ^.l « 

MCl '- ! icl W« a"" 1 ^ ° cM solder. W ""* r 
pulled =ver th * 
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energy application to the proximal part of the solder. 
FIGURE 3 shows the appearance of the laser welded 
micro-anastomosis immediately after clamp release (A) and 
after 6 weeks (B) . 
5 FIGURE 4 shows graphic representation of tensile strength 
of suture and. laser solder anastomoses of rat aortas as a 
function of time after surgery, (time is on logarithmic 
scale) 

FIGURE 5 shows a laser-welded anastomosis in longitudinal 
10 section immediately after laser irradiation. (Masson's 

•crichrome, (A) arrow indicates direction of blood flow. Sx 
magnification and (B) 50x magnification) 

FIGURE 6 shows the remains of solder in the vessel wall 
after 6 weeks. Note the normal appearance of the intima and 
IS media. Note the presence of phagocytotic cells at the 
solder surface. (Toluldine Blue , magnification 20 x) 
FIGURE 7 shows scanning electron micrographs of the lumen 
of the laser welded anastomosis 10 minutes after 
reestablishing perfusion (longitudinal section) . 

20 (magnification x 100) 

FIGURE 8 is a schematic cross section of an anastomosis of 
a blood vessel formed using the sleeve technique. 
FIGURE 9 Shows a graft in side and cross sectional view 
formed using the sleeve technique of the fourth aspect of . 

25 the invention at both ends of the graft. 

FIGURE 10 shows in schematic form, a join formed by placing 
a solder tube of the invention inside a body tube. Solder 
strips may be used externally to strengthen the 
anastomosis . 

30 
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X. PREPARATION OF SOLDER 



Starting Composition: 

protein 55-7S% (w/w) 

water 45-25% |W«) 

dye 0.25% lw/w) 

^^■t human, ovine or rat albumin - 
The protein is bovine, rabbit, human, 

nation's for bovine serum albumin include 
Suitable concentrations 



10 



15 



20 



25 



Suitable conte"""— - , . 

SU1 ^ a ^-rabbit albumin include about • 

about S5% and for human and rabDic a 

is a suitable dye. Albumins can be 
"57% mdocyanine green is a suiua^ * 

Aldrich Corporation. Suitable albumin 
obtained from Sigma-Aldricn t.orv 



preparations include: 

t Knmin - A 2153 Fraction V powder (minimum 96%). 
Bovine albumin A 21*3 _ (96 _ 99 % albumin) ; 

Human albumin - A 1653 Fraction V powder (9 
Rabbit albumin - A 0639 Fraction V powder; 
Sheep albumin - A 3264 Fraction V powder; 
Horse albumin - A 9888 Fraction V powder. 

- ovine albumin.- , . 

„ ^ e can be obtained from Becton Dickinson 
indocyanine green dye can ae 

Microbiology Syst^s, Maryland 21030 USA. 

A particular formation for hu™» and rafcoi, alexin is as 



follows : 

Starting Composition 



albumin 57.3% (w/w) 

water « . 45% < v/w) 

ICG dye 0-25% (w/w) 



Construction: 



30 



35 



1. tne components (accurately 
measured) are mixed into a paste form to obtain optimum 
consistency for extrusion or pressing. For example, the 
water and. dye are first mixed by vortexing to form a 
consistent dye solution vhich is then added to the protein 
followed by mixing to form the paste. Mixing can be 
performed physically or mechanically and for small batches 
«2g total mass) was performed using a vortex mixer to 
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provide consistency. Th. solder was not .11-- " ^ 
lis S ta 9 e a, -is —Id th, solder to b .=o»e rattle 

„d tfcus ^uicaB. for « pres.mg- 

». The p~t. »» - -traded at bat « 

• ^ o^otiucr can be achieved by deferring 
S noted below a superior produce can 

final shaping. 

3 The extruded paste was then allowed to dehydrate 
thus increasing the protein concentration and allowing the 
solder to take a more rigid form. 
10 4. The rigid solder was invmersed in hot water at 80- 

-i _ acop fo-r bovine albumin ) for 

* 9 0°C (for example Bb u nor ^ UVXiiC 

approximately 1 minute to denature the protein- Where the 
solder is prepared from human or rabbit albumin the 
relevant Treatment is with steam at about 120°C for 10 
15 minutes (it is envisaged that the temperature could be as 
low as 1QQ°C or up to 150 -CI - This denaturation treatment 
causes the solder to bond within itself and the solder 
becomes less soluble in water. 

5. The solder at this stage is elastic and may be 
20 further cut into desired shapes easily without inducing 

stress or fracture. Desired shapes include sheets, tubes, 
partial tubes and rods. If cut to shape before step 4. the 
solder may fracture through the presence of crystalline 
structure if it is too dry or else it may deform if it is 

25 too moist. 

6. The solder is preferably dehydrated at this stage 
and gamma irradiated or autoclaved for sterilisation and 
stored in a dry. sterile and light proof container. 



30 



A particular protocol that has been used successfully with 
the human or rabbit serum albumin formulation mentioned 



above i s : 

1 . mix the protein preparation 

2. extrude the preparation 

35 3. allow the preparation to dry 
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toclave the preparation at 120°C for 10 minutes 
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2. METHOD OF REPAIR 

The following repairs have been effected: 

5 

Rat aorta: 1 . 3 mm diameter 



cylinder used: 1 . 4 mm internal diameter 

1.7 mm external 
diameter. 2 mm length 



Rabbit femoral 

artery: 2iran diameter 

Cylinder used: I- 6 It1In internal diameter 

2.1 mm external diameter 
2mm length 

Joining tubes can involve attaching at least one edge 
of the circumference of a solder tube to the inside or 
outside of the cylindrical surface of a body tube. The 

10 join of the body tube can be completed by placing both 
ends of the tube within the solder tube and applying 
energy through the solder to bond the solder to the 
underlying tissue or by placing both ends of the body tube 
over the solder tube and applying energy through the 

15 overlying tissue to the solder or by placing one end of 

the body tube within the solder tube and one end over the 
solder tube and applying energy to effect bonding. Where 
the body tube to be repaired includes a damaged section 
which requires replacement a graft material with solder 

2 0 applied at least at the ends can be joined at either end 
to a free end of the. severed tube. 
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. poair is witH respect to nerve 

tissue « „ it i, .specially i»Portant 

„ be ^- ^X^U on the edges being 

that the weld --^"l^^ cissu e. Rather, the -Id 
s joined - tbi. =- ^ of zbe Continuity. 

— 8d i— - f e . cufaulir ena of the solder tube 

l0 is « - ™ Bt chB cubB to be inserted into the 

is attached to the « .„ cision „ 

x-shaped incision. The 
3 welded around the circ»f=r»=e of Che solder 

: . . .;,„ The end-co-si.de join can be at a 

- the insertion Bite. rne enu ^ 

J can be provided at the appropriate angle for the 3 o,n 

J formed. performed by providing 

* End-to-side repairs can also ne P 

3 . partial tub. -ith a flange adapted to fit over a 

a partial b tube oaco 

J 20 longitudinal incision in the side 

ii which the new tubular end i. to be attached. The sides 

U th. longitudinal incision are pulled through 

It flange, everted around the flange and welded to Che outside 

I of the solder flange. The free end of the side branch is 

2 5 In pulled over the previously welded body tube and flange 
and welded to the ™ain body of the partial solder cube^ 
The „ain body of the partial .older tube is then -elded to 
.he outside of the body tube. The end-to-side 3 oin 

tro( „ ol „ ana thus the flanged portion 
can toe at a number ot angxea 
30 of th* -be can .be provided at the appropriate angle. 

Repairs of non-tubular tissues are effected by usxng 
at least one appropriately shaped solde* of the invent 
together with an energy source to effect bonding between 
solder and tissue. 
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The proximal artery shert dis tance using 

solder and «-»- ^have ends adapted to provide a 

P»*P°" Wi« creeps. « hl * the ^ end in open 

sur£ac « vhich » ^ rigure , ^ 

torn..- such as the forceps ^ .„ „ obser vabl. 

overlapping ^ >»<* "7 specif temperature, which - 
slight change in colour — ^" adfcere to the vessel 

matures the protein and «... ^ ^ the 
«U on *och or at least one^ ^ ^ ^ ^ 
proposed join area. Th alre ady lasered 

sCre tched - ^uL-ed solder u*. .« 

— ^ bey0nd re l° Z. -a is lasered in the — 

« ay and causes com pi e ces the join, 

lasered to the cylinder. That 

\ 1 of 90 rats were divided into two groups 

A total of omQse3 were performed using 

, „nd~ay. Xn group one the ^ ^ ^ two 

conventional micro suturing cechniqu 

- — — — j^r^r^. — — 

technic*, in addition, each liferent tollowup 

«~ * and — ^ , v . eks) . At 

5 r^Jervatthe ~ses were evaluated <or patent 
these intervals , 3 anastomoses 

»-v, (Tensile strength measurement) - 3 anas 
and strength (Tensxl u ^ ^ electron 

in each subgroup were processed 

microscopy. patent. The mean 

All anastomoses were found to be p 
JO A- 1 -- 1 - an with conventional 

k ■ » n f the anastomoses performed witn 
clamp time of the anas .^72 minutes for the 

20 6 minutes compared to I .i ^ n 
suturing was 20. b mi strain 

-r^ welded anastomoses (p<0.uui/- 
laser activated weiaea „w, nica i bond of the 

„r« showed a stronger mechanical n 
measurements showea ^ However, at 6 

35 sutured anastomoses in the initia osteoses 
weeks the tensile strength of the laser 
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wo 99/65536 . uture technique. 

* *a the ccnvencional suture 
was higher compared comp lete resorption 

T «,it ■ evaluations revaled a ne 
Histologic evdj. junction sit- 

. -j:r-r-: — - - — - - 

5 cfc. ,r«ry. r ., orbrfjl . protein used as a solder, 

activated by a drod. laser ■ fae per£orI , cd Sy 

any microsurgeon faster 

short- learning curve- ^ ia surgery and m 

Simplify^ vascular ^ impoxCarit 

ii diameter vessels nas> J - J< - 
narticular in small diameter Tev i eW ed the 

particui rece nt publication, reviewea 

topic in the past. since the starc of 

technical developments m ch ^ ^ ^ 

chis century HI - Minimising foreign Y 

-•c -ite has been an important issue, 
anastomotic -ite n« . impact of suture 

of authors b~ a-«i>- ^^JT-pU-c - 

techniques for vascu lasex s have been 

1979 [7,8). Different types or 
by Jam m 1979 . . .„ tne potential negative 

a rg-121 in order to minimise tne v 
US ed [9 121 x reporce d techniques require at 

^a=t on tissues .jos J* ^ therefore lase r 

least three permanent stay ^ ^ ^ ^ 

welding was used only - ^ _ ^ _ of 

.^chanically -told the vess clmt deposi tion of 

l aS ers to -Id tissue relies on the eff ^ 

liaht absorbed by tissue, 
heat due to the ^ corre spond to strong 

wa veiength S that have been used tn 

• „ ha nds of water, hemoglobin or otner 
sorption bands of ^ of dyes such as 

cnrom atophores. The fluorescein isothiocyanate 

indocyanlne green ^ ^ ^ ^ 

1151 ^Ttsles l addition. the application of !«« 
the target tissues, in strengthen 
activated protein soldexs Was been shown 
laS er welds in tissues such as nerves [16 18]. 
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. . a ro1 i able 

sutureless , 



,ucc«.lully .nMCe—.e peOTao .„ t implanted 

— 1 £ ^t?L e r~c Tel^. -ported - 

**r- r,;^ .« » 



arteries . 



MATERIALS AND METHODS toUcbre d) 

a i-otal of 90 y° un 9 adult ^ ^, 
10 A total , hi study. Consent and 

. Attn co 550 g were used in cms scuay 

weighing 450 to 550 g obtained from our 

i for this investigation ««« 
approval tor cnx &H surgical 

■> ut-hiral Review Committee, aaj. 

B-lieuti--. ^^TZJL general anaesthesia with . 
procedure, -ere performed J. ^ ^ f „ 

15 halothane/oxysen (« hsl °"\ £ot Minc ,inin g 

halothane at 2 L/rom oxygen 
inducing and 2% halotn asepcic conditions were 

. rl pin but not asepwx^- 
anaesthesia).. Clean, Q ^ oce dures which were 

maintained during the surgical procedures, 
maintained operating microscope. A 

performed using a Zeiss 0« infraren al aorta 

midline laparotomy was performed and x 

freeing the tissues cu.iv* 



v. • , Clean but not aseptic eonaicior- — 
anaesthesia).. Clean, Q ^ oce dures which were 

maintained durin- the surgical procedures, 

performed using 
midline laparoto 

exposed, incising tne peritoneum, 

Lscis.x, Mter tlus hi n 9 th. v t„ «lx~. 

connective .issue in excess was r-o.ea, but leav^ J*. 

adventitia i«act. in 4S a»i»als the 

c^rLd out * optional — <»° 
30 14 0 u needle. 10 to 12 interrupt sutures, and in the 
re„ainin g 43 animals _«-~~ — - P-*> ^ 

la «r .eldin,. The cl-* o £ .11 ™" 

recorded for later statistical analysis w.th the student, 
t-test. » l=ca! =r pernio anticoa^lant druos were used. 
3S nor ver. the S>™ antibiotics po. t -op-ret.v.ly . 
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^ER WELDING ^ pQWer of 25Q mW 

„ *-»ti^ i a^er diode wicn 
A GaAlAs laser ax dfi Labs lne . . San Jose 

- r,:rr n « — . «. - 

5 CM »as used. The at>ertura (NA 0.28) opcical fiber. 

which was held diod= 

te^.racure -re -"° 1 ^ ot by s ; i ,l h and was set ac 3 0 
Th e diode was operate* by a ^ =£ ^ ^ 

„ »« / J", "^>» fiance - «« 

di »ecer. °' ^ \ ha po „er was measured 

W at the tissue co bsa) The 

wi c h . S-entech power »ecer ^ _ ^ ^ 

total irradiation time for 

15 approximately. m ixture o£ water, 
The solder used in this stuay 

* bovine scr™ albumin and indocyanine green 
concentrated bovine serum 

rTCG) dye (Becton Dickinson, Maryland ICG * 

C oe£fici ent at a wavelength of 805 nm of 

^mum absorption coeff ici- ^ ^ 

2 x xo^W. XC G binds P»^^ 'J is efficiently 

transferred to dena .re h ~ «^ j% ^ fl ^ 

concentration mixture 

., or i a il was obtained by vigorous 
ICG by weight starting material) was o 

The mixture was formed into 
stirring of the components. The mixuur 

suited to the dimensions ° C . rat «« ^ ' 
tub .s were pred.natured to — — — 

chemically suable ( Figure 1) . ci _ii„ 
The solid protein tube was then used in . v.y s^llar 
«, that described by *.yr in i*°0 when usins absorbable 
^ rings [ 19] , (Figure „. «. P-ximal vessel was 
pi «.d through Che cylinder, everted over the 
length of 1 ™ and Chen welded t. Che protein cylinder by 
m eans of laser energy, further denaturing Che protem 
contained in Che solder .Figure 2 A , B) . Las.r energy was 
delivered by an optical hand-held fiber for a perxod 
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. ph? tissue reaction visible through the 
time accprding to the tissue circUirvferen ce) . 

operating microscope (approximately 10 sec/ 
When the sl^test retraction of the -sue was oted h 
lase . spot was moved to adjacent tissue until the total 

, of the vessel was welded onto the protein 

5 .inference of the e ^ ^ 

cylinder. The two branches of the 

j —-^ the distal vessel was gently pulled over 
Droximated and the enseal m * 



appJ 



10 



-i • j ^ ivimire 2 C) - Laser energy was 
th B entire protein cylinder (Figure 

-, ■ h to create a bond between the distal end of the 
Chen applied to create ( ^ 2 

artery and the most proximal part ot 



X^mediately after reaving the clasps the anastomoses 

„ere examined to assess patency by the mining test. Each 

group .as then divided into S subgroups to be reevaluated 

« a t different intervals (10 minutes, 1 hour, 1 day. 1 wee,. 

S , eek£ , with 9 animals per subgroup. A" the chosen t^e 

all anastomoses were re-exposed and patency was checked 

w ith the milking test. In 6 animals per subgroup the 

anastomotic sites together with 5 mm of vessel prox^ally 

20 and distally were removed and subjected to tensile strength 

roeaS ur^nts . These ware performed by attaching one end of 

the vessel to a calibrated force transducer (FT30C, Grass 

n^-Lncv MA) and the other end to a screw 
instruments, Quincy . n*i 

driven translator (18] . In 3 animals per subgroup the 
25 vessels were clamped, flushed with saline and fixative (5% 
glutaraldehyde buffered to pH7.4) and finally removed for 
histology. Staining for light microscopy was done with 
Masson's trichrome to clearly differentiate native protein 
from denatured protein and with Toluidine Blue. Scanning 
30 electron microscopy was used to study the inner surfaces of 
the anastomoses 



RESULTS 

All animals survived the surgical procedure and all 
anastomoses were patent *c the time o£ re-exploration. At 6 
weeks there were no aneurysms at the site of the sutured or 
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r-laroP time ot signif icantiy 

20 .6 minuc- <»> tiM of the 

lo n=e t t»» th. 226 , sm 0.»D. » 

7 2 minuses ' 

anastomoses, - t ^ 

scu dencs -test) ■ _ ^^ats r^** s) when 

Tensile strength nger (under stress) 

6 and 4b.-> * , f welded anas 

slightly *"-9 respectively. P . te d 

j 1 9 g 111 rest"* _ when suD}et.<- 

llM .2 ~ — 13 Tfce sutute „ „»«—.«•• « ^ 

/-picrare 4) * *-«-4an level tearmy 
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DISCUSSION 

Since Jain's first report on the successful use of 
5 laser energy for the repair of blood vessels PJ. there 
have been numerous attempts to develop a technique for 
sutureless anastomosis of blood vessels employing laser 
welding. The advantages of laser welding have been shown .-to 
be due to a perfect seal of the junction with no leakage 
10 and less foreign body reaction due to less suture material. 
However, the need for stay sutures to maintain vessel end 
approximation has led to the term laser-assisted 
anastomosis [21-25]. where the laser is used to seal an 
anastomosis after three to five stay sutures have been 
previously inserted. On the other hand, true sutureless 
anastomoses have been performed by using an intraluminal 
stent to ensure intimal alignment [26-28]. These stents 
have mostly been designed to be intraluminal^ absorbed and 
therefore may potentially lead to arterial embolism and/or 
thrombosis. A previously reported technique to repair 
tubular structures [18] employs protein solder bands 
containing indocyanine green dye. which were designed to 
absorb the laser energy and therefore heat was localized at 
the protein solder and the immediate surrounding tissue. 

.Changes in the tissue due to heating caused by the 
laser energy were observed only in the tissue layer in 
immediate contact with the solder. In order to get optimal 
intimal alignment. which is crucial for successful 
microvascular anastomosis, the protein solder was extruded 
into a tube with corresponding diameters to the vessel to 
be repaired. The optimal intimal alignment was accomplished 
by employing a technique introduced by Payr at the turn of 
the century [19].'. This technique was further developed by 
Landon [29] eliminating the need for ligatures to secure 
the vessel onto the ring and by Carter [3 0] for coronary 
artery surgery using a polyethylene ring. Haller [311 
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